This paper presents innovative isolated DC and AC current amplifier containing magnetic field sensor in the feedback loop. The amorphous ring core with an air gap is utilized as a part of the galvanic isolation separating input and output currents. In the paper outline of the amplifier is presented. The printed circuit board project was developed and electronic circuit of the amplifier was manufactured. The developed device was investigated with DC and AC current and the results are presented in the paper. Results indicate usefulness of the developed device in described application.
Introduction
Measurement of the leakage current in the power lines overvoltage protection is a very important issue from the point of view of the energy industry. This kind of measurement requires isolated measurement system for current measurement. Practical implementation of such measurement system is difficult, because it is necessary to ensure galvanic isolation for several kilovolts.
For this kind of measurements, special isolated current amplifier was developed. Previously, many approaches to the design of current amplifier were made, like utilization of mesoscopic Josephson junction [1] or cryogenic current comparator [2] . The most important group of current amplifiers are devices based on the CMOS technology [3] [4] [5] .
The developed current amplifier contains the Halleffect sensor [6] of magnetic field connected in the feedback loop. Magnetic field measured by the sensor is generated by the magnetized amorphous ring core with an air gap [7] . Magnetic core also provides galvanic isolation between the primary and secondary windings. The developed device is similar to the classical current transformer with magnetic ring core and magnetic field sensor [8, 9] . However, unlike the traditional current transformer, the presented construction allows to increase the value of the input current, which is very important in measurements of very low currents, like leakage currents in surge arresters [10] . In the presented solution it is possible to measure low current of about several µA at the voltage value of up to several kV.
Outline of the developed current amplifier
The principle of operation of the presented device is similar to the classical current transformer. The main * corresponding author; e-mail: mkachniarz@piap.pl component is magnetic ring core with an air gap. Magnetic field sensor is placed inside the air gap. Schematic block diagram of the developed device is presented in Fig. 1 . On the toroidal magnetic core two sets of windings are made: primary and secondary (compensating). Input current I in is applied to the primary winding. Its presence results in appearance of magnetic flux density B in within the core according to the equation
where µ 0 is magnetic permeability of free space, µ is magnetic permeability of the core's material, H is magnetizing field produced by primary winding, n p is number of turns in primary winding and l is flow path of magnetic flux in the core. Magnetic flux density B ex in the air gap could be approximated with the equation [11] :
where l g is length of the gap. For magnetic cores exhibiting high permeability µ Eq. (2) can be written as
The resulting magnetic flux density B ex is proportional to the input current I in . As a magnetic core for pre-sented device nanocrystalline material with permeability µ = 8000 was used, thus Eq. (3) is correct for this case. Measurement of the magnetic flux density B ex in the air gap is performed with the Hall-effect sensor. For presented application TOSHIBA THS119 sensor was chosen, made of gallium arsenide (GaAs) and characterized by current-related sensitivity of about 20 V/AT.
The output signal from the sensor (the Hall voltage) is delivered to the input of power amplifier and then to the secondary (compensating) winding. Magnetic field in the secondary winding is opposite to the magnetizing field produced by the primary winding. Feedback loop connection allows to compensate the magnetizing field by forcing suitable current flow in the secondary winding. The result is reduction of magnetic flux density B ex in the air gap almost to zero. If the number of turns in secondary winding is lower than in primary one, the compensating current will be higher than input current I in so the compensating current can be treated as an amplified current, which is the output parameter of the developed current amplifier. The compensating output current I out is proportional to the input current I in and ratio of primary n p to secondary n s windings
In the developed device there is 1000 turns of the primary winding and 10 turns of the secondary winding, which according to Eq. (4) results in gain factor of 100. Modification of the gain factor is possible by changing the ratio of primary to secondary windings. Prototype of the amplifier was developed according to the presented description. Photo of the complete device is presented in Fig. 2 . Fig. 2 . Photo of the developed isolated current amplifier, 1 -electronic module, 2 -air gap with Halleffect sensor, 3 -magnetic amorphous core with 1000 primary and 10 secondary windings (secondary under primary), 4 -housing.
The printed circuit board (PCB) was designed and manufactured for electronic part of the device. The Halleffect sensor was mounted in the air gap of the nanocrystalline core. The device was mounted in the specially developed housing.
Measurement stand
The developed isolated current amplifier was investigated on the special measurement stand. Schematic block diagram of the stand is presented in Fig. 3 . The presented device requires symmetrical voltage supply ±15 V, which was provided with the laboratory stabilized power supply. The input current I in was generated with INMEL 60 industrial calibrator working in the mode of current source. The device allows to obtain current value within the range from 0 to 20 mA, but during the measurement maximum applied current was 1.20 mA. Input current I in was measured with precise FLUKE 8808A multimeter and delivered to the input of the developed current amplifier. The output current I out was measured with another FLUKE 8808A device.
Experimental results
Developed isolated current amplifier was investigated on the described measurement setup. Characteristic of the dependence between input and output current was measured with the input current range from 0 to 1.20 mA. Obtained results are presented in Fig. 4 . As it can be seen, the developed current amplifier exhibits very linear characteristic within entire investigated range. Coefficient of linear determination R 2 of the characteristic is 0.999 which confirms high linearity of obtained results. Obtained values of output current I out are slightly different than expected values I out , which is also visible in the equation presented in Fig. 4 . For each tested value of input current error of the amplifier was calculated according to the equation
The results of this calculation are presented in Fig. 5 .
For low values of input current error of the developed amplifier is relatively high (over 11% for I in = 19.2 µA). With the increase of the input current error is exponentially decreasing and obtains value 0.35% for input current I in = 1.0 mA. The error of the amplifier is resulting from hysteresis of the magnetic core and offset voltage of the Hall-effect sensor, which influences the value of output current. 
Conclusions
The developed current amplifier presented in the paper is working correctly. Obtained results are close to the expected ones, which is confirmed by low values of the error, especially for the higher input currents. The device exhibits high linearity of the characteristic. Gain factor of 100 allows measurement of the very low currents, even several µA. Galvanic isolation provided by the magnetic core enables to perform measurement at the voltage value reaching even several kV. The device can work with DC currents as well as with AC currents of frequency not exceeding 5 Hz (for higher frequencies the amplifier tends to oscillate). The developed isolated current amplifier is a new approach to the classic construction of the DC current transformer.
